The stability constants of ternary Cu 2+ and Zn 2+ complexes, each of which contains 2,2'-bipyridyl and a carboxymethyl aryl sulfide, were determined in 50% aqueous dioxane. A comparison of the stability of these ternary complexes with those formed with simple carboxylates demonstrates an enhanced stability of the carboxymethyl aryl sulfide containing mixed ligand complexes. This enhanced stability is not due to a thioether-metal ion interaction, but due to an intramolecular aromatic stacking interaction between the aryl moiety of the carboxymethyl aryl sulfide and 2,2'-bipyridyl. Indeed, by UV difference spectra and by PMR measurements it is possible to show that a binary (metal ion-free) stacked adduct between the aromatic moieties of the two mentioned ligands is formed. Furthermore, by studying the binary and ternary systems of Zn 2+ or Cu 2+ , 2,2'-bipyridyl and hydrocinnamate, i.e. 3-phenylpropionate (-S-of carboxymethyl phenyl sulfide is replaced by -CH2-), it becomes obvious that the thioether moiety is not essential for the observation of an enhanced stability of the ternary complexes. PMR shift studies of 2,2'-bipyridyl/Zn 2+ /carboxymethyl aryl sulfide systems confirm the presence of stacking in the corresponding ternary complexes. Depending on the kind of the ternary metal ion complex the stability enhancement, due to the intramolecular stacking between the aromatic parts of the coordinated ligands, is between about 0.2 to 0.5 log unit.
Introduction
In a study [3] dealing with the complexes formed between Cu 2 + or Zn 2 + (=M 2 +) and thioether carboxylates (R-S-CH2-COO-= L~), the stability constants of the binary 1:1 complexes (eq. (1)) were determined, and compared with the stability constants of the corresponding ternary complexes (eq. (2)), which in addition contained 2,2'-bipyridyl (=bpy).
M2+ + L-^ ML+ = [ML]/([M][L])
(1)
M(bpy) 2+ + L-^ M(bpy)L+ .M(bpy) L M(bpy)L
This comparison has lead to the question about the structure of these complexes. An answer can be obtained when the stability of the thioether carboxylate complexes is greater than expected on the basis of the basicity of the carboxylate groups [4] .
Cu
Therefore, in Fig Table I [3] . The data 011 the monodentate carboxylates, which furnish the reference lines for the binary (B) and ternary (T) Cu 2~ complexes, are due to formate, acetate, propionate [15] , and valerate [16] .
containing carboxymethyl alkyl sulfides (III and IV in Fig. 1 ) are by about 0.8 log unit more stable than is expected on the basis of the basicity of the carboxylate groups alone. This is convincing evidence that chelates are formed in the binary and in the ternary complexes as well [3] , and that, in agreement with other results [4] [5] [6] [7] , thioether moieties may participate in complex formation. It may be added, that the properties observed for the Zn 2+ complexes overall resemble quite well those of the Cu 2+ complexes, though the stabilities of the Zn 2+ complexes are generally lower [3] .
These observations on the carboxymethyl alkyl sulfide complexes contrast with the properties of the carboxymethyl aryl sulfide complexes (I and II in Fig. 1 ), because the binary Cu 2+ complexes have a stability as expected on the basis of the basicity of the carboxylate group alone (the same is true for the Mn 2 + complexes [6] , while for the ternary complexes one is tempted to conclude [3] that "Cu(bpy) 2+ reacts with these ligands by forming a 5-membered chelate which involves the thioether and carboxylate groups". These latter complexes are indeed about 0.5 log units more stable than is expected on the basis of the basicity of the carboxylate groups alone.
PMR line broadening experiments [6] have confirmed the conclusions about the structure of the carboxymethyl alkyl sulfide complexes, i.e. the formation of chelates under the participation of the thioether sulfur in the presence of Cu 2+ , while with Mn 2+ only simple carboxylate complexes are formed. Corresponding experiments with carboxymethyl aryl sulfides [3] lead to the result that there "is no apparent difference between the influence of Cu 2+ or Mn 2+ , nor Cu 2+ /2,2'-bipyridyl". This observation might be explained by assuming chelate formation for all these complexes despite the differences in their stabilities (Fig. 1) . However, as said earlier [3] , "it should be noticed that this kind of interpretation may be satisfactory for the Cu 2+ complexes, but not for the Mn 2+ complexes. In the latter cases, it leads to the suggestion of chelate formation between Mn 2+ and carboxymethyl aryl sulfides, while such a chelate formation seems improbable [6] , with carboxymethyl alkyl sulfides."
This obviously unsatisfactory situation is now clarified and it is shown that the cause for the increased stabilities (cf. Fig. 1 ) of the ternary complexes Cu(bpy)L+ and Zn(bpy)L + , where L represents a carboxymethyl aryl sulfide, is not due to a thioether interaction. The cause for this increased stability is due to an intramolecular stacking interaction within the mixed-ligand complex between the aryl moiety and 2,2'-bipyridyl. Such metal ionbridged stacking adducts between aromatic moieties have recently been observed in a number of cases, especially under the participation of nucleotides [1, [8] [9] [10] [11] , Indeed, from these systems we have also learned how to handle the present problem.
Experimental Section Materials
The metal Perchlorates and 2,2'-bipyridyl were purchased from Fluka AG, Buchs, Switzerland, lodoacetic acid and dioxane were from Merck AG, Darmstadt, Germany; thiophenol, p-methylthiophenol, and 3-phenylpropionic acid (hydrocinnamic acid) were obtained from Merck-Schuchardt, Hohenbrunn near München, Germany. The dioxane used for the spectrophotometric and NMR measurements was purified over sodium [12] in the additional presence of a trace of benzophenon. The exact metal ion concentration of the metal ion(II) Perchlorate stock solutions was determined with ethylenediammine-N,N,N',N'-tetraacetate.
Carboxymethyl phenyl sulfide was synthesized from thiophenol and iodoacetic acid as described [6, 13] and recrystallized from water [14] 
Apparatus
The absorption spectra were recorded with a Beckman spectrophotometer DB, connected with a W+W Electronic Hi-speed Recorder 202. The slit width of the spectrophotometer was either used on "medium" or (if the absorption of the reference solutions was high) on "manual" with the slit adjusted to 0.5 mm.
The titrations were carried out with a Metrohm potentiograph E 336 and Metrohm UX glass electrode. The pH measurements were performed with a Metrohm potentiometer E 353 B with U micro glass electrodes. As earlier [3, 5, 6, [15] [16] [17] , the potentiograph and the potentiometer were calibrated with commercial aqueous buffers (pH 4 and 7, from Metrohm AG) and the direct readings for pH were used in the calculations. No "corrections" were applied for the change in solvent (50% aqueous dioxane; I = 0.1, NaC104; 25°), which is justified [18] .
The PMR spectra were recorded on a Varian Anaspect EM-360 spectrometer (60 MHz) using the center peak of the resonance of the tetramethylammonium ion as reference. All chemical shifts were converted to a trimethylsilylpropanesulfonate reference by adding 3.188 ppm [1, 11] ,
Determination of equilibrium constants
The UV difference spectra were recorded with four 1 cm cells as described recently in detail [9, 11] . The concentrations of solutions may be read from the figures and their legends. The evaluation of the data was done according to Benesi and Hildebrand [19] .
The experimental conditions for the Potentiometrie titrations were the same as described recently [3, 5, 6] , and the calculations of the constants were also done as before [3, 5, 6, [15] [16] [17] 20] .
The PMR spectra were recorded in 50% aqueous dioxane solutions (I = 0.15 to 0.7, N03-; 34°). The shifts of the observed resonances were plotted versus the increasing concentration of the added reagent (see Fig. 5 ); the stability constant of the complex and the value of the limiting shift were obtained from the computer calculated best fit of the experimental data [1, 11] .
The results given in the tables are the average of at least six independent spectrophotometric determinations, or of four independent titrations. The PMR measurements are shown in Fig. 5 . The given range of error corresponds throughout to three times the standard error of the mean value, or to the sum of the probable systematic errors, whichever is the larger.
Results and Discussion

The binary 2,2'-bipyridyl/carboxymethyl phenyl sulfide system
Assuming the intramolecular stacking between the pyridyl and aryl moieties within the ternary complexes formed by Cu 2+ , 2,2'-bipyridyl and carboxymethyl aryl sulfides being among the causes responsible for their rather high stability [3] , one may expect that even in metal ion free solutions an interaction between these moieties occurs. Indeed, with the aid of UV difference spectra [9] [10] [11] a change in the UV absorption could be detected for the binaiy 2,2'-bipyridyl/carboxymethyl phenyl sulfide system. Due to the high self-absorption of these two ligands which had to be placed into the reference cells [9, 11] the errors were rather large, but by evaluating the UV difference spectra according to Benesi and Hildebrand [19] it was possible to estimate the stability constant of equilibrium (3):
In 50 % aqueous dioxane we obtained log K^5^ , = 0.9 ±0.6 (1 = 0.1, NaC104; 25°; (bpy)(L) pH 7.0) under conditions where both ligands are deprotonated.
In addition it may be mentioned that in this binary system no interaction other than an aromatic stacking interaction between the phenyl moiety of carboxymethyl phenyl sulfide and the pyridyl rings of 2,2'-bipyridyl is likely and that stacking has already been shown to occur in related systems like 2,2'-bipyridyl/adenosine [9, 11] . This result is therefore strong support already for the occurrence of intramolecular stacking in the corresponding ternary metal ion complexes, and it is in accordance with the results described in the PMR-section.
The ternary Cu 2+ and Zn 2+ /2,2'-bipyridyl/carboxymethyl phenyl sulfide systems
From the absorption spectra shown in Fig. 2 it is evident that a new absorption-shoulder is ob- (4): Difference absorption for the ternary system, i.e. the reference beam contained one cell with Cu 2+ /2,2'-bipyridyl and a second one with carboxymethyl phenyl sulfide; the sample beam contained one cell with the mixed system and one with the solvent. The dotted line portion indicates uncertainty due to the high absorption of the reference solutions.
served in the ternary Cu 2+ /2,2'-bipyridyl/carboxymethyl phenyl sulfide system, which is not present in the spectra of the individual compounds. This shoulder can even be better quantified by recording the difference spectrum (curve 4 in Fig. 2) ; we assume that this spectral change is connected with the intramolecular aromatic stacking within the ternary complex.
At constant concentrations of Cu 2+ /2,2'-bipyridyl and increasing concentrations of carboxymethyl phenyl sulfide A A increases, too. In Fig. 3 an evaluation of such data according to Benesi and Hilde brand is shown [19] : It is obvious that at all wave lengths evaluated a straight line is observed indicating 1:1 complex formation between Cu(bpy) 2+ and L. The intercepts of these straight lines with the y axis are the same within experimental error for all wave lengths evaluated. This intercept corresponds to the apparent stability constant, Kst, for the reaction between Cu(bpy) 2+ and L. These Table I . Comparison of the spectrophotometrically determined stability constants (log Kst and log see eq. (4)) for the adducts of Cu(2,2'-bipyridyl) 2+ or Zn(2,2'-bipyridyl) 2+ and carboxymethyl phenyl sulfide M with the potentiometrically determined stability constants of the correponding and related binary (log K^j^; eq. (l)) a and ternary (log K^jJ^pyj^; eq. (2)) a complexes, measured in 50% aqueous dioxane at 25° and I = 0.1 (NaClO.j). a Potentiometrically determined values from ref. [3] ; the reproducibility of the stability constants was ± 0.05 log units.
The range of error is three times the standard deviation.
1/aA Fig. 3 . Graphical determination of the apparent stability constant, Kst, at pH 4.00 in 50% aqueous dioxane (I = 0.1, NaC104; 25°) for the reaction between carboxymethyl phenyl sulfide (L) and Cu(2,2'-bipyridyl) 2 + (6 x 10~4 M) by plotting l/[L]tot vs. 1/JA; the latter was determined at several wave lengths (cf. Fig. 2 ). The straight lines were drawn according to the least-squares method. The average of the intercepts with the y axis, i.e. -Kst, is -174, hence log Kst = 2.24 (cf. B 400
200-
The pH dependent apparent stability constants, Kst, are listed among other constants, given for comparison, in Table I and it is obvious that by applying equation (4), constant values are obtained which are independent of pH within experimental error. In fact, the average value for log is also the same as the one obtained from the Potentiometrie titrations within experimental error. This confirms that the spectrophotometrically observed changes, which we attributed to the stacked adduct, are indeed also due to changes in the position of equilibrium (2), thus indicating that the stability of the stacked adduct is dependent on the complex formation between Cu(bpy) 2+ and the carboxylate group of carboxymethyl phenyl sulfide.
With the ternary Zn 2+ /2,2'-bipyridyl/carboxymethyl phenyl sulfide system the same kind of experiments were carried out. The UV difference spectrum is similar to the one shown in Fig. 2 for the corresponding Cu 2+ system but the shoulder at about 350 nm is practically diminished and the whole difference spectrum is shifted towards lower wave lengths by about 7 nm. An example of an evaluation of experiments is shown in Fig. 4 . There are again straight lines obtained and the application of equation (4) to the apparent stability constants, -rr-! , , T^Z n (bpy) Kst, gives an average value lor log K 2n(bpy)L' which is in good agreement with the one determined by the Potentiometrie titrations.
The stability of these ternary complexes may be quantified by equation (5): z..ogKM = logK^;^JL-log4L
The difference between the logarithms of the two stability constants, i.e. A log KM (eq. (5) Table I ).
M(bpy) 2+ + ML+ ^ M(bpy)L+ + M 2 + (6)
Since more coordination positions are available for bonding of the first ligand to a hydrated metal ion (eq. (1)) than for the second ligand (eq. (2)), A log KM (eq. (5)) is expected to be negative. Detailed consideration [21] of the statistics for the coordination of two different bidentate ligands to an octahedral (oh) coordination sphere leads to an expected value of A log K0h = -0.4. The corresponding value for a distorted octahedron (do) coordination sphere as of Cu 2+ is more difficult to assess: A log Kdo/cu ^ -0.9 was deduced. The statistical value for an octahedral coordination sphere and the formation of a ternary complex from a bidentate and a monodentate ligand is A log K'oh = -0.2. The values listed in Table I for A log KM of the mixed ligand complexes formed by Cu 2+ or Zn 2+ , 2,2'-bipyridyl and a thioether carboxylate are all between about 0 and +0.6. This means, that all these ternary complexes are more stable than expected on a statistical basis. From these results it is also obvious that the overall properties of all the Zn 2+ systems resemble those with Cu 2+ , though the values of A log Kzn are somewhat smaller for the carboxymethyl aryl sulfides. Further measurements on the Zn 2+ containing ternary systems were done by PMR (vide infra).
The ternary Cu 2+ and Zn 2+ /2,2'-bipyridyl/3-phenylpropionic acid systems
If the conclusions about the intramolecular stacking in the ternary complexes formed by Cu 2+ or Zn 2+ , 2,2'-bipyridyl and carboxymethyl aryl sulfides are correct, the aromatic stacking between the aryl and pyridyl moieties should be rather independent from the presence of the thioether group. Therefore, if the sulfur atom in the anion of carboxymethyl phenyl sulfide (C6H5-S-CH2-COO -) is replaced by a methylene group the resulting 3-phenylpropionate, i.e. hydrocinnamate (C6H5-CH2-CH2-COO -), should have similar qualities in ternary complexes of the discussed kind. We have therefore determined the stability constants due to equilibria (1) and (2) by Potentiometrie titrations. In addition the stability constants of the ternary complexes were measured with the aid of UV-difference spectra. These show for the Cu 2+ systems again a broad shoulder or even a separate peak at about 350 nm (c/. also Fig. 2 ). All the constants determined for the 3-phenylpropionic acid systems are summarized in Table II. One of the important results is that in the binary 2,2'-bipyridyl/3-phenylpropionate system, i.e. in the absence of a bridging metal ion, again an interaction between the two ligands could be detected by means of spectrophotometry. The stability constant of the adduct in 50% aqueous dioxane was determined: log kS^J.-T . =0.9 ±0.3 (1 = 0.1, NaC104;
(bpy)(.L) 25°; pH 8.5 and 9.0). This means, that within experimental error the stability of this adduct is the same as of the corresponding one formed with carboxymethyl phenyl sulfide.
The potentiometrically determined stability constants of the binary complexes between 3-phenyl- Table II . Comparison of the spectrophotometrically determined stability constants (log Kst and log K^j^pyjjj eq. (4)) for the adducts of Cu(2,2'-bipyridyl) 2+ or Zn(2,2'-bipyridyl) 2 + and 3-phenylpropionate [i.e. hydro-M cinnamate) with the potentiometrically determined stability constants of the corresponding binary (log Kjyj^; eq. (1)) and ternary (log ? ec l-(2)) complexes, measured in 50% aqueous dioxane at 25° and 1 = 0.1 (NaC104) a . b These values were determined by Potentiometrie titrations, all the others in the table by UV difference spectrophotometry.
propionate and Cu 2+ or Zn 2+ are in accordance with the basicity of the carboxylate group of this ligand; the data due to these two complexes fit therefore the "reference" lines shown for Cu 2+ in Fig. 1 and for Zn 2+ in ref. [5, 6 and 16] . The values obtained from the potentiometiic and spectrophotometric measurements for the stability constants of the ternary complexes are the same by both methods, however, the error of the values determined by Potentiometrie titrations is again much smaller {cf. Table II) . The increase in stability as compared to that of the binary complex and as defined by equation (5), which results from the coordination of a monodentate alkyl carboxylate to Cu(bpy) 2+ , is about 0.1 log unit (Fig. 1) . The reasons for this increase in stability have been discussed in detail [21, 22] and shall not be considered further, but a comparison of this value with A log KCu = + 0.38 of the ternary Cu 2+ /2,2'-bipyridyl/3-phenylpropionate system (Table II) shows that the corresponding mixed-ligand complex is more stable by another 0.3 log unit. As there are no additional donor atoms available in 2,2'-bipyridyl or 3-phenylpropionate this additional increase in the stability can only result from the proposed intramolecular aromatic stacking. For the Zn 2+ complex one observes the corresponding qualities: Here a value of about -0.1 log unit (due to simple carboxylate coordination to Zn(bpy) 2+ and Zn 2+ [16] ) must be compared with A log Kzn = + 0.11 (Table II ) which means that the additional increase in stability of this ternary complex is about 0.2 log unit.
Confirmation of stacking between 2,2'-bipyridyl and the aryl moiety of carboxymethyl aryl sulfides by PMR
Protonation, or coordination of a diamagnetic metal ion, usually causes a downfield shift of the resonances of nearby groups, whereas in aromatic systems the ring current shifts the signals of those protons lying above an aromatic ring upheld [10, 11] . As we wished to confirm the evidence for the intramolecular stacking occurring in mixed ligand metal ion complexes of 2,2'-bipyridyl and carboxymethyl aryl sulfides by an independent method, we carried out PMR shift experiments with the carboxymethyl phenyl and carboxymethyl p-methylphenyl sulfides by adding increasing amounts of Zn 2+ /bpy to each of these ligands. Table I and equation (4) the apparent stability constants Kst can be transformed into the pH independent stability constants: log K 2n(bpy)L = 1-82 ±0.16 and 1.95 ±0.19 for L = carboxymethyl phenyl sulfide and carboxymethyl p-methylphenyl sulfide, respectively. These stability constants are in fair agreement with those determined by Potentiometrie titrations and UV difference spectra (see Table I ) [23] . It may be added that a control experiment showed that at pH 5.11 in the absence of 2,2'-bipyridyl the addition of Zn 2 + (0.2 M) does not lead to a shift of the signal of the protons from the aiyl moieties in both carboxymethyl aryl sulfide systems [25] . Shift experiments carried out in the absence of Zn 2+ , i. e. in the binary systems, by adding increasing amounts of 2,2'-bipyridyl to the carboxymethyl aryl sulfides, lead also to the observation of upfield shifts. Although the small upfield shifts observed in both systems precluded a direct determination of the stability constants, these can be estimated if the limiting shifts determined in the ternary systems are used. One obtains log K^P y JT = 0.29 ± 0.06 and 0 (bpy)L 0.20 ± 0.10 for L = carboxjonethyl phenyl sulfide and carboxymethyl p-methylphenyl sulfide, respectively (1 = 0.15; 34°). However, these constants should be considered rather as rough estimates, as the "true" limiting shift in the metal-free systems could be somewhat larger than the one in the ternary systems, because for the ternary Zn 2+ complexes also an "opened" form may exist (see Conclusions) and because the orientation of the two stacked aromatic moieties may not be ideal due to steric restrictions imposed by the metal ion-bridge and which are not present in the non-bridged binary adducts. But still, taking into account also the higher temperature at which the above values were determined, it is evident that these constants are in the same order as the one determined by UV-difference spectra ^log = 0.9 ±0.6) for the 2,2'-bipyridyl/carboxymethyl phenyl sulfide system.
Conclusions
A tentative and simplified structure for the ternary complexes formed between M(2,2'-bipyridyl) 2+ and carboxymethyl aryl sulfides or hydrocinnamate is depicted in Fig. 6 . However, an intramolecular stacking in these ternary complexes aryl-COO"
The corresponding constant K' is dimensionless and independent of the concentration and is thus difficult to determine. However, comparison of the sizes of the upfield shifts in the ternary systems Zn 2 +/2,2'-bipyridyl/carboxymethyl phenyl sulfide or carboxymethyl p-methylphenyl sulfide with those in the corresponding binary (metal ion free) systems indicates that most of the ternary Zn 2+ complexes exist in their stacked form, i.e. K' > 1. This conclusion is also in agreement with the observed enhanced stability of the ternary Cu 2+ and Zn 2+ complexes (Tables I and II ) [26] .
The electron density of a phenyl group is somewhat altered if a sulfur atom is directly substituted to the ring [27] . It is therefore not surprising that this also alters the strength of the intramolecular aromatic stacking interaction. Indeed, the values obtained for A log KM for the ternary complexes with carboxymethyl aryl sulfides are by about 0.2 and 0.1 log units larger for the complexes with Cu 2+ and Zn 2+ , respectively, compared with the values of the corresponding ternary complexes formed with hydrocinnamate (c/. Tables I and II) . That the kind of substituents at the phenyl ring influences the stability of these ternary complexes is also evident from the M 2+ /2,2'-bipyridyl/carboxymethyl p-nitrophenyl sulfide systems; for these was obtained A log Kcu = +0.36 and A log KZn = +0.13 [3] . Hence, the substituted nitro group at the phenyl ring has lowered the stability of the ternary complexes (c/. with the values given in Table I ).
Similarly it is expected that the length of the chain between the carboxylate group and the aryl moiety influences the stacking. Indeed for the ternary M 2+ /2,2'-bipyridyl/carboxymethyl benzyl sulfide (CeHs-CHa-S-CHaCOO-) systems, where the chain-length in the latter ligand is increased by one methylene group, one obtains A log KCu = + 0.42 and A log KZn = -0.03 [3] . Again the stability of the ternary complexes is decreased compared with those containing carboxymethyl phenyl sulfide (Table I ). These problems, i.e. the influence of substituents at the phenyl ring and the chain-length between the phenyl moiety and the metal ion-coordinating group in relation to the intramolecular aromatic ring stacking within ternary complexes are presently studied in more detail in our laboratory.
